Primary intraocular lymphoma (PIOL) is a rare lymphoma. Because of difficulties in obtaining tissue samples, little is known about the disease's genetic features. In order to clarify these features, we carried out single nucleotide polymorphism array karyotyping of IOL using genomic DNA extracted from vitreous fluid. We analyzed 33 samples of IOLs consisting of 16 PIOLs, 12 IOLs with a central nervous system (CNS) lesion at diagnosis (IOCNSL), and five secondary IOLs following systemic lymphoma. All were B-cell type. We identified recurrent copy number (CN) gain regions in PIOLs, most frequently on chromosome 1q followed by 18q and 19q. Chromosome 6q was the most frequent loss region. Although these CN gain regions of PIOL were in common with those of IOCNSL, loss of 6q22.33 containing PTPRK and 9p21.3 containing CDKN2A were more frequently deleted in IOCNSL. Large CN loss in 6q was detected in three of four PIOL patients who had early CNS development and short survival periods, whereas long-term survivors did not have such deletions. There was a correlation between gain of the IL-10 gene located on 1q and intravitreal interleukin-10 concentration, which was higher in IOL than in benign uveitis. The results suggest that IOCNSL is a highly malignant form of PIOL that infiltrates into the CNS at an early stage. They also indicate that genetic differences between PIOL and primary CNS lymphoma need to be clarified. P rimary intraocular lymphoma (PIOL) is a lymphoma whose lesion is located in the eye ball, including the vitreous body, the retina, the choroid, the iris, and the ciliary muscle. It is a rare form of non-Hodgkin's lymphoma, accounting for less than 1% of all non-Hodgkin's lymphoma cases (1) and of all intraocular neoplasms.
Primary intraocular lymphoma (PIOL) is a rare lymphoma. Because of difficulties in obtaining tissue samples, little is known about the disease's genetic features. In order to clarify these features, we carried out single nucleotide polymorphism array karyotyping of IOL using genomic DNA extracted from vitreous fluid. We analyzed 33 samples of IOLs consisting of 16 PIOLs, 12 IOLs with a central nervous system (CNS) lesion at diagnosis (IOCNSL), and five secondary IOLs following systemic lymphoma. All were B-cell type. We identified recurrent copy number (CN) gain regions in PIOLs, most frequently on chromosome 1q followed by 18q and 19q. Chromosome 6q was the most frequent loss region. Although these CN gain regions of PIOL were in common with those of IOCNSL, loss of 6q22.33 containing PTPRK and 9p21.3 containing CDKN2A were more frequently deleted in IOCNSL. Large CN loss in 6q was detected in three of four PIOL patients who had early CNS development and short survival periods, whereas long-term survivors did not have such deletions. There was a correlation between gain of the IL-10 gene located on 1q and intravitreal interleukin-10 concentration, which was higher in IOL than in benign uveitis. The results suggest that IOCNSL is a highly malignant form of PIOL that infiltrates into the CNS at an early stage. They also indicate that genetic differences between PIOL and primary CNS lymphoma need to be clarified. P rimary intraocular lymphoma (PIOL) is a lymphoma whose lesion is located in the eye ball, including the vitreous body, the retina, the choroid, the iris, and the ciliary muscle. It is a rare form of non-Hodgkin's lymphoma, accounting for less than 1% of all non-Hodgkin's lymphoma cases (1) and of all intraocular neoplasms. (2) The majority of PIOL are vitreoretinal lymphoma whose lesions are found exclusively in the retina and the vitreous body of the eye, resulting in the primary symptoms of blurred vision and decreased visual acuity. (3) Ophthalmoscopic findings are a cloudy vitreous body and ⁄ or subretinal proliferative lesions due to tumor cell infiltration. (3, 4) Most PIOLs are B-cell lymphomas; T-cell lymphomas may occur, but are extremely rare. (3) The diagnosis of IOL is quite difficult due to several reasons. First, it is hard to obtain sufficient biopsy material from the lesions. Retinal biopsy may cause visual field defects, and enucleation inflicts irreversible damage to visual acuity. Therefore, vitrectomy with vitreous sampling is used to obtain the specimen. Diagnosis is usually made by cytology for samples of vitreous fluid, although the detection rate is low .5%) because of degradation of the infiltrating cells or lack of cells in the samples. (5, 6) Polymerase chain reaction analysis using DNA extracted from vitreous fluid has been shown to have a much higher detection rate and has become the most persuasive procedure for the diagnosis of IOL. (7) Using this method, we detected IgH rearrangements in 21 of 22 patients with IOL (95.5%).
(5) Diagnosis can be supported by the interleukin-10 (IL-10) : IL-6 cytokine ratio in the vitreous fluid. (6, 8, 9) We also showed that 86% patients with an IL-10 : IL-6 ratio of >1.0 had IOL, whereas the majority of patients with benign uveitis had a ratio of <1.0.
(5) Using these methods, the accurate rate of IOL diagnosis has improved dramatically, and consequently, the number of PIOL patients has been increasing.
Many issues, however, relating to PIOL remain unresolved. According to previous reports, primary vitreoretinal lymphomas, which are the major types of PIOLs, are reported to be diffuse large B-cell lymphomas (DLBCL). (10) (11) (12) In the clinical situation, however, the histological types of PIOLs are often undetermined because the material for diagnosis is usually vitreous fluid. Furthermore, the genetic features of PIOL have not yet been elucidated. In order to solve them, we carried out single nucleotide polymorphism (SNP) microarrays using genomic DNA extracted from the vitreous fluids.
Materials and Methods
Study design. The patients in this study were referred to the Tokyo Medical and Dental University (TMDU) or the Tokyo Medical University (TMU) hospital (both Tokyo, Japan) on suspicion of IOL between 2005 and 2011. After the diagnosis was made, they were treated at TMDU, TMU, or the primary hospitals from which they were referred.
The vitreous fluid of IOL patients was analyzed at TMDU, TMU, and The University of Tokyo (Tokyo, Japan). Patients who were HIV-positive were excluded. Written informed consent was obtained from patients except those who had already passed away. Obtaining the preserved samples with or without informed consent was approved by the ethics boards of these institutes.
Diagnosis and definition of IOL. Intraocular lymphoma was diagnosed using the following criteria: (i) typical eye involvement, a cloudy vitreous body and ⁄ or subretinal proliferative lesions; (ii) presence of lymphoma cells in the vitreous fluid; and (iii) clonality of the infiltrating lymphoma cells in the vitreous fluid using either PCR analysis of IgH or T-cell receptor gene rearrangements. (5) Patients who had criterion (i) accompanied by either (ii) or (iii) were diagnosed with IOL. (13) In this report, IOL confined to the eyes at diagnosis was defined as PIOL. Intraocular lymphoma accompanied by central nervous system (CNS) lesions at diagnosis was defined as IOL with CNS lesion (IOCNSL). As it could not be determined whether the eyes or the CNS was the primary site, we analyzed IOCNSL independently from PIOL. Patients with IOL who developed ocular lesions after detection of lymphoma of extraocular and extra-CNS sites were categorized as having secondary IOL (SIOL). Pathological examination and investigation of systemic involvement were carried out at the (14) Genetic lesions are color-coded and plotted for each sample, as indicated. Samples were clustered in each lymphoma type. Regions with frequent CN change are indicated by arrows (black arrows, CN gains ≥50% in IOLs, ≥20% in the other lymphomas; orange arrows, CN losses). Note that genetic changes involving small regions are lost in this figure due to limited resolution. IOCNSL, IOL with a central nervous system lesion at diagnosis; PIOL, primary IOL; SIOL, secondary IOL.
institutes from which patients were referred. Diagnosis of IOL was made at TMDU and TMU.
Measurement of intravitreal IL-10. To determine the concentrations of IL-6 or IL-10 in the vitreous fluids, 50 lL vitreous supernatant from each patient was applied for ELISA according to the manufacturer's instructions (Invitrogen, Camarillo, CA, USA). The lowest detection limits of the cytokines were 2.0 pg ⁄ mL for IL-6, and 1.0 pg ⁄ mL for IL-10.
Single nucleotide polymorphism microarray. Genomic DNA extracted from the vitreous fluid at the time of diagnosis was subjected to SNP array karyotyping using GeneChip 250K SNP arrays (Affymetrix, Santa Clara, CA, USA) as previously described. (14) Details of the procedures are described in Data S1. Statistical analysis. For statistical analyses, the Mann-Whitney U-test was carried out using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Tables 1 and S1 , respectively.
Characteristics of the copy number changes of IOLs. Copy number (CN) changes of all IOL samples are shown in Figures 1 and 2 . As in our previous report, we defined CN changes as CN gains, losses, as well as neutral loss of heterozygosity involving >3 Mb segments (Fig. 2) . As shown in Figures 1 and 2(a) , the most frequent CN gain region in PIOL was 1q, detected in 81% (13 ⁄ 16) of cases, followed by 18q and 19q in 69% (11 ⁄ 16), 12q in 63% (10 ⁄ 16), 7q and 11q in 56% (9 ⁄ 16), and 3q, 10q, and 19p in 50% (8 ⁄ 16). As shown in Figures 1 and 2(b,c) , the most frequent CN loss in PIOLs was on 6q (44%, 7 ⁄ 16), whereas uniparental disomy was detected on various regions in only patient.
Previously we investigated CN changes of genes in 238 primary B-cell lymphoma specimens of different histological types, including 64 samples of DLBCLs, 52 follicular lymphomas (FL), 35 mantle cell lymphomas (MCLs), and 87 mucosa-associated lymphoid tissue (MALT) lymphomas. (14) The results of the present study were presented in comparison with them (Fig. 1) . The most frequent CN gain region in DLBCL was 1q (>40%), and other frequent CN gains in DLBCL were found on 12q, 18q (>30%), and on 2p, 5q, 6p, 7p, 7q, 11q, 12p, 13q, 16p, and 18p (>20%), whereas CN losses were on 1p and on 6q (>20%). As shown in Figures 1  and 2 , 56% (5 ⁄ 9) of the CN gains found in >50% of PIOLs were also detected in >20% of DLBCLs, and were the most frequent gains. Conversely, the three most frequent gains found in DLBCL (>30%; 1q, 12q, and 18q) were detected in >63% of PIOLs (Figs. 1,2a) . In addition, the most frequent CN loss in PIOL was located on 6q, as in DLBCL (Fig. 2b) . In 0   5   10   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  220   30   60   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  220   50   100   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q 1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  22*  *  *   0   30   60   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  220   40   80   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  220   20   40   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q  220   10   20   1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q 1p  1q  2p  2q  3p  3q  4p  4q  5p  5q  6p  6q  7p  7q  8p  8q  9p  9q  10p  10q  11p  11q  12p  12q  13q  14q  15q  16p  16q  17p  17q  18p  18q  19p  19q  20p  20q  21q Frequency of CN gains (a) and losses (b), as well as CN neutral loss of heterozygosity (c) involving >3 Mb segments were calculated and plotted for each IOL type. *Copy number changes detected in >20% of diffuse large B-cell lymphomas; **CN changes detected in >20% of follicular lymphomas; ***CN changes detected in >20% of mucosaassociated lymphoid tissue lymphomas; ****CN changes detected in >20% of mantle cell lymphomas. Black arrows indicate common frequent (>50%) gain regions in primary IOL (PIOL), and in IOL with a central nervous system lesion at diagnosis (IOCNSL). SIOL, secondary IOL.
contrast, CN gains on 1q, which were the most frequent gains in PIOLs, were found infrequently (<10%) in FL, MALT lymphomas, and MCL. (14) Among the nine most frequent gains in PIOLs (≥50%), only CN gains on18q were frequent in FL or MALT lymphomas (>20%), and only two gains, on 3q and on 18q, were frequent in MCL (>30%) (Fig. 2a) .
The most frequent CN gains in IOCNSLs were on 1q and 12p in 67% (8 ⁄ 12), followed by 8q, 9q, 10q, 12q, 18q, and 19q (6 ⁄ 12; 50%) (Fig. 2a) . In SIOLs, frequent gains (≥50%) were detected on 13 chromosomal lesions (Fig. 2a) . Among them, 50% (4 ⁄ 8) of gains in IOCNSLs and 55% (7 ⁄ 13) of gains in SIOLs were identical to those in DLBCL (>20%) (Fig. 2a) . Frequent CN losses were located on the 6q region in IOCNSLs and SIOLs, (58% and 80%, respectively) (Fig. 2b) .
Comparison between CN changes of IOLs. Next, we compared the genomic distribution of CN changes in each type of IOL. As shown in Figure 2(a) , among the nine most frequent (≥50%) gain regions in PIOLs, five (5 ⁄ 9; 56%) regions (1q, 10q, 12q, 18q, and 19q) were also frequent (≥50%) in IOCNSLs. The most frequent gain in PIOL (13 ⁄ 16; 81%) was located on 1q, which was also the most frequent gain (8 ⁄ 12; 67%) in IOCNSLs (Fig. 2a) . Concerning CN loss, 6q was the most frequent loss in PIOLs (7 ⁄ 16; 44%) and was also the most frequent (7 ⁄ 12; 58%) loss in IOCNSLs (Fig. 2a) . These data indicated that PIOL and IOCNSL had common frequent CN alterations.
Some genes that affect the prognosis of lymphoma have already been described. It has been reported that PCNSL with deletion of 6q22.33, which contains PTPRK, revealed an aggressive clinical course. (15) As shown in Figure 3(a,b) , loss of 6q22.33 was detected in 50% (6 ⁄ 12) of IOCNSLs and in 25% (4 ⁄ 16) of PIOLs. In addition, loss of 9p21.3, which contains CDKN2A (p16), was detected in 6 ⁄ 12 (50%) IOCNSLs (Fig. 3c) , whereas it was deleted in 4 ⁄ 16 (25%) PIOLs (Fig. 3d) . Among them, homozygous deletion of CDKN2A had occurred in two IOCNSL patients (Fig. 3e,f) . Although statistical difference was not identified between them, loss of 6q22.33 and loss of 9p21.3 in IOCNSL seemed to be more common than that in PIOL.
Relation between genetic lesions and outcomes. The outcome of each patient is described in Table 1 . Survival of patients with PIOL and IOCNSL is shown in Figure S1 . The median overall survival (OS) of patients with PIOL was 37 months, whereas the OS of patients with IOCNSL and SIOL could not be determined due to the limited number of patients. Differences in OS between PIOL and IOCNSL patients could also not be evaluated due to the small number of patients.
Among 16 patients with PIOL, outcome could be followed in 12. As shown in Figure S2 , four patients (PIOL-1, 10, 12, and 14) who had early CNS development within 6 months of the time of diagnosis had large CN loss lesions in 6q. Among them, three patients (PIOL-1, 10, and 12) had deletion of 6q22.33. In contrast, four patients (PIOL-6, 8, 13, and 16) who were alive without progression for more than 36 months did not have large deletions in 6q. We could not find a relation between loss of 9p21.3, which was detected in four patients (PIOL-11, 13, 14, and 15), and outcome.
High-grade amplifications or homozygous deletions. We identified several high-grade amplifications (Fig. 4) . High-grade amplifications on eight lesions were found in PIOL-7 ( Fig. 4a-e) , whereas they were found on three lesions in PIOL-15 ( Fig. 4f-h ). High-grade amplification of 3p24.1-p23 was found in IOCNSL-11 (Fig. 4i) . They were not recurrent in our case series. The genes in the affected regions are shown in Figure 4 .
Copy number gain of IL-10 gene and its concentration in vitreous fluid. The most frequent gain regions of PIOLs and IOCNSLs were located on 1q. It is noteworthy that the 1q32.1 region located on 1q contained the genes for IL-10, a cytokine whose concentration in the vitreous fluid is significantly high in IOL. The CN of the IL-10 gene located on 1q32.1 was increased in 69% (11 ⁄ 16) of PIOLs, in 58% (7 ⁄ 12) of IO-CNSL, in 80% (4 ⁄ 5) of SIOLs, and in 67% (22 ⁄ 33) in total. In order to examine the relation between CN change and IL-10 concentration, we compared the intravitreal IL-10 concentration of IL-10 gain-positive patients to that of IL-10 gainnegative patients. As shown in Figure 5(a) , the IL-10 concentration of the gain-positive patients was significantly higher than that of the gain-negative patients in all IOLs. However, we could not find a significant difference between them in each IOL subtype (Fig. 5b,c) , probably due to the small number of samples.
Discussion
Primary intraocular lymphoma consists of various histological types, but the majority are DLBCL. Our results showed that PIOLs diagnosed by analyzing the vitreous fluid and DLBCL had common CN-altered regions in their chromosomes. Therefore, it is appropriate to plan treatment for PIOL as an aggressive lymphoma. The most frequent CN gain found in PIOLs was located on 1q that contained the region for the IL-10 gene. Interestingly, there was correlation between gain of the IL-10 gene and intravitreal IL-10 concentration. The concentration of IL-10 in the vitreous fluid is significantly higher in IOL than that in benign uveitis, and is a useful tool to distinguish between the two conditions. (5) In addition, IL-10 is an autocrine growth factor for B cells and promotes B-cell lymphoma development and proliferation. (16, 17) Our results indicated that IL-10 may be secreted by the tumor cells and promote disease progression.
In the present report, loss of 6q22.33 was detected in 25% of PIOLs and 50% of IOCNSLs. According to previously published reports, the frequencies of del(6)(q22) in PCNSLs was 45%, (15) whereas that in systemic DLBCL was 25%. (18) Loss of 6q22.33 might be common in IOCNSL as in PCNSL compared to PIOL or systemic DLBCL. 6q22.33 contains PTPRK. This gene encodes protein tyrosine phosphatase receptor j (PTPRK), which belongs to the protein tyrosine phosphatase superfamily of enzymes and inhibits proliferation-or survivalpromoting molecular signals mediated by tyrosine kinase. It can act as a tumor suppressor by inhibiting cell cycle progression. It was reported that deletion of 6q22 in PCNSL revealed an aggressive clinical course or poor prognosis. (15, 19) Interestingly, three of four patients who had early CNS development and short survival periods had large CN loss in 6q, whereas long-term survivors did not have such deletions. Statistical analysis could not be carried out because of the limited number of patients. Further investigation should be undertaken to clarify the relation between deletion of 6q and outcome, especially the role of 6q22.33.
In our study, 9p21.3, on which CDKN2A was located, was deleted in 25% of PIOLs and 50% of IOCNSLs. Although statistical difference was not determined between them, loss of 9p21.3 might be more common in IOCNSL than in PIOL. CDKN2A, located in the other frequent loss region in IOCNSL, 9p21.3, negatively regulates G 1 ⁄ S phase transition by inhibiting the kinase activity of CDK4 ⁄ 6. Thus, loss or inhibition of CDKN2A (p16) may result in increased tumor cell proliferation. In addition, it is well established that deletion of CDKN2A in DLBCL is associated with poor prognosis. (18) These findings suggested that IOCNSL was a highly malignant form of PIOL that tends to spread into the CNS at an early stage. Further clinical survey on a large scale should be added to confirm the hypothesis.
Although we have clarified some issues about the genetic characteristics of IOL, the origin of PIOL cells remains unknown. Wallace et al. detected t(14;18) in 67% of PIOL. 20 The high frequency of the translocation in PIOL suggests that the lymphoma cells originate from germinal center B-cells (GCBs) with high expression of BCL2. 21 Consistent with this, we found that the BCL2 CN was increased in PIOL. The origin of PIOL cells, however, remains controversial. Lipford et al. reported that t(14;18) was determined in only 20% of PCNSL. 22 Other investigators indicated a high somatic mutation load in the VH genes of PIOL cells. (23) Furthermore, the immunophenotype of the PIOL tumor cells is MUM1 ⁄ IRF4 + ; BCL-6 +/À ;CD10 À . These results suggested that PIOL was an activated B-cell subtype of DLBCL. (24) Further studies, including gene expression profiling, are required to confirm these results and to identify the cell of origin in PIOL lesions.
It has been reported that PIOL and PCNSL were closely related with each other. The majority of PIOL and PCNSL cases are pathologically diagnosed as DLBCL, and 60-82.5% of PIOL patients ultimately develop CNS lesions, whereas extra-CNS lesions are rare. (6, 11, 25, 26) In addition, the eyes are close to the CNS and are actually derived from the CNS during embryogenesis. For these reasons, PIOL and PCNSL are categorized as the same lymphoma in many reports, (10, 11) despite little genetic evidence to support this. As a result, potential differences between PIOL and PCNSL in their clinical features have not been evaluated. Our unpublished data, however, indicate that only one of 15 PCNSL patients diagnosed and treated during the last 10 years at our hospital developed eye lesions (Ayako Arai, unpublished data, 2013). In addition, the gain in chromosome 18, which was frequently detected in our PIOL series, was not described in the report by Sung and colleagues, the latest report for PCNSL analyzed by high-resolution array-based comparative genomic hybridization. (27) These findings suggest that PIOL and PCNSL may have distinct clinical courses and genetic features. Contrary to the report by Sung et al., however, chromosome 18 was frequently gained in three early PCNSL reports. (28) (29) (30) The CN alteration in PCNSL has been controversial. The difference in methods may be one of the reasons for the discrepancies, and further study on the same technology platform should be carried out in order to determine the relation between PIOL and PCNSL.
Taken together, our data suggest that IOCNSL is considered to be a highly malignant form of PIOL that infiltrates into the CNS at an early stage. Study should be continued to clarify the the origin of tumor cells of PIOL, genetic alteration predicting outcome, and the genetic similarity and difference between PIOL and other B-cell lymphomas.
